trials. These measures also provide little insight into the pathological mechanisms underpinning changes in postural stability in individuals with HD [1] [2] [3] [4] 8, 9 . Quantitative posturography overcomes many of these limitations, providing a more reliable and valid measure of postural stability in individuals with HD 5, 10 . Quantitative posturography assessments are normally undertaken using force plate and computerized dynamic posturography apparatuses. Studies using force plates to examine static and dynamic postural stability have reported significant alterations in centre of mass and pressure and reduced limits of stability in individuals with premanifest and manifest HD 3, 8, 11 . While informative, these studies have provided little insight into the motor and sensory mechanisms contributing to static and dynamic postural stability impairments in individuals with HD 5 . Several small-scale studies have examined static and dynamic postural stability and the sensory and motor mechanisms contributing to postural instability in individuals with HD. These studies have found significant impairments in limits of stability, rapid postural adjustments and static and dynamic stability in response to somatosensory, visual and vestibular perturbations in individuals with premanifest and manifest HD 4, 8, 12 . These findings indicate that postural instability is one of the earliest clinical features of HD and may be useful as a clinical endpoint for upcoming disease modifying drug and rehabilitation trials. However, prior to routine utilization in disease modifying trials, validation of computerized dynamic posturography measures in larger, well-characterized cohorts of individuals with premanifest and manifest HD is required 4, 8, 12 .
The primary purpose of this study was to evaluate static and dynamic postural stability using computerised dynamic posturography in a large, well-characterized cohort of premanifest HD, manifest HD and healthy ageand gender-matched individuals. This study also sought to examine associations between computerised dynamic posturography and clinical disease measures.
Methods
Participants. Ninety individuals with HD (54 premanifest, 36 manifest) and 45 age-and gender-matched healthy controls were recruited for the study. Individuals with HD were recruited from the North Metropolitan Area Mental Health Service (Perth, Western Australia), Deakin University (Melbourne, Victoria), San Diego State University, University of California San Diego and through newspaper advertisement. Characteristics of healthy controls and individuals with premanifest and manifest HD (study groups) are detailed in Table 1 . Inclusion criteria were: HD individuals with a CAG repeat ≥39 and the ability to understand and respond to verbal and written instructions given in the study. Exclusion criteria were: no concomitant neurological, cardiovascular, metabolic or vestibular conditions and no recent drug or alcohol consumption. All HD individuals were classified as premanifest or manifest according to the diagnostic confidence level criteria of the Unified Huntington's Disease Rating Scale-Total Motor Score (UHDRS-TMS) 13, 14 . Disease burden score was calculated using the method described by Penney et al. 15 . An index to estimate proximity to diagnosis at study entry was obtained using the CAP score. CAP score was calculated by multiplying the age at study entry by a scaling of the CAG repeat length as follows: CAP S = (Age × (CAG-33.66))/432.3326. CAP scores <1, 1 and >1 indicate a 5-year diagnosis probability of <0.5, 0.5 and >0.5, respectively 16 . Study approval, registration, and participants consent. This Individuals were required to undertake three twenty-second trials for each sensory condition. For each trial, participants were instructed to stand upright with their arms crossed against their chest. Postural stability performance on each trial was expressed as an equilibrium score, which is calculated by computing the difference between each participant's sway of the centre of gravity (COG) and a theoretical maximum anterior-posterior sway of 12.5°. When a participant's COG has minimal or no sway, the difference with the theoretical maximum sway is 12.5°. Values are expressed as a percentage of the theoretical maximum angle of sway, therefore a score of 100 indicates good stability and no movement of the COG. When a participant's COG moves beyond the limit of stability or the participant has a fall they receive a score of zero. The average of the three trials of each SOT condition was calculated and used for further analysis. A weighted composite score was also generated for each participant by averaging the equilibrium scores for SOT 1 and 2, adding this average to the scores for each trial of tests 3-6 and dividing the sum by the total number of trials. Sensory ratios were also computed to examine specific somatosensory, visual and/or vestibular system deficits. SOMATOSENSORY (SOM) was defined as the participant's ability to rely on the somatosensory system to maintain postural stability (condition 2/condition 1), VISUAL (VIS) was defined as the participant's ability to rely on visual system to maintain postural stability (condition 4/condition 1), VESTIBULAR (VEST) was defined as the participant's ability to rely on vestibular system to maintain postural stability (condition 5/condition 1) and PREF was the extent on which participants rely on visual information to maintain postural stability even when visual information is incorrect (condition 3 + condition 6)/(condition 2 + condition 5).
Limits of Stability Test (LOS) test.
The LOS test was used to examine dynamic postural stability. Participants were asked to stand comfortably on the force plates and focus on a computer screen placed at eye level to provide visual feedback. Participants were instructed to transfer their weight as quickly and accurately as possible toward one of eight targets displayed on the screen without moving their feet. Targets are located in forward (FW), forward-right (FWRT), right (RT), backward-right (BWRT), backward (BW), backward-left (BWLT), left (LT) and forward-left (FWLT) directions throughout the test. The mean of the eight trials completed for each target was calculated for five LOS dependent variables: reaction time (RT), movement velocity (MV), endpoint excursion (EE), maximum excursion (ME) and directional control (DC). RT represents the time between the presentation of the visual signal to move and the beginning of the participant's movement, MV is the average speed (degrees/seconds) of the COG in a specific direction, EE is the distance travelled by the COG in the first movement, ME is the farthest distance travelled by the COG and DC is the difference between the amount of movement in the intended direction and the amount of movement the COG deviated form from a straight line. For RT, a higher score represents a poorer performance, while for MV, EE, ME and DC, a higher score represents a better performance. RT and MV are expressed as absolute values and EE, ME and DC are expressed as a percentage of maximum theoretical LOS values as determined by Nashner et al. Balance Manager ® Systems (2011) 17 . Results are presented using the average of the 8 directions (targets) for each variable (Table 2 ) and separated by direction (Fig. 1) .
Statistical Analyses. Descriptive data are presented as mean and standard deviation. Normality assumptions were tested using a Shapiro-Wilk test. A mixed-factor nested ANOVA was used to compare differences in the six SOT conditions between healthy controls and individuals with premanifest and manifest HD. Significances were adjusted for multiple comparisons using a Bonferroni method after nested analysis of variance (ANOVA). A one-way analysis of variance (ANOVA) was used to compare differences in SOT composite score, falls, SOT sensory ratios and LOS measures between healthy controls and individuals with premanifest and manifest HD. A Bonferroni multiple comparison test was used after ANOVA. All analyses were controlled by study site and the results revealed that study site did not appear to represent a confounding factor. The number of participants recruited and assessed at each study site is provided in Supplementary Table 1 . To assess the test-retest reliability of SOT measures, intraclass correlation coefficient (ICC) values were calculated using trial data for each condition. Spearman correlation coefficients were calculated to examine associations between SOT, LOS and UHDRS-TMS, total functional capacity, disease burden score, CAP score, CAG repeat and diagnostic confidence level for premanifest and manifest HD participants. Results of the correlations are presented in scatterplots in Supplementary Fig. 1 . Statistical significance was set at p ≤ 0.05. Statistical analyses were performed using STATA version 15.1.
Results

Reliability of SOT test.
The results of the test-retest reliability of the SOT are presented in Supplementary composite score, falls, VIS, VEST and PREF sensory ratios than healthy controls and individuals with premanifest HD. There were no significant differences between healthy controls and individuals with premanifest HD (Table 2) .
LOS test.
The analysis using the average scores revealed significant differences in LOS for endpoint excur- (Table 2) . Maximum excursion and directional control were significantly lower (p = 0.024) in individuals with manifest HD compared to premanifest HD (Table 2) . Movement velocity was slower, but did not reach significance in manifest HD compared to healthy controls (p = 0.062), and in manifest HD compared to premanifest HD (p = 0.083; Table 2 ). The analysis using specific directions revealed impairments towards RT, BWLT, FWLT and LT in premanifest HD compared to healthy controls on all LOS variables. Individuals with manifest HD had poorer postural stability towards all directions for MV, EE, ME and DC in comparison to healthy controls. Manifest HD individuals had postural stability deficits leaning towards all directions except LT on ME and DC variables when compared to individuals with premanifest HD (Supplementary Table 3 ).
Association between postural stability tests, UHDRS-TMS, disease burden score CAG repeat and diagnostic confidence level. Spearman correlation coefficients revealed significant but low correlations between UHDRS-TMS, disease burden score, diagnostic confidence level outcomes, SOT and LOS outcomes within each group (Supplementary Fig. 1 ).
Discussion
This study examined the validity of static and dynamic postural stability in a large cohort of premanifest HD, manifest HD and healthy age-and gender-matched individuals using computerised dynamic posturography. Significant impairments in static and dynamic postural stability and a greater number of falls were detected in individuals with premanifest and manifest HD compared to healthy age-and gender-matched controls. Significant but low associations were observed between impairments in static and dynamic postural stability and falls and clinical disease outcomes. Dynamic and static posturography, as measured by the SOT, demonstrated low to moderate reliability for all study groups.
Previous work by our team has shown that individuals with manifest HD, but not premanifest HD, have significant impairments in postural control at their limits of stability 4, 12 . Our results partially align with these earlier findings. Here we found that when compared to healthy controls, individuals with both premanifest and manifest HD displayed significant impairments in postural control at the limits of stability, particularly distance and accuracy of movement. Discrepancies between the results could be attributed to smaller sample sizes used in previous studies that were therefore limited in power. An analysis of the direction of impairments revealed that individuals with premanifest HD have greater difficulty maintaining postural control when leaning in LT, BWLT and FWLT directions, while individuals with manifest HD experience greater difficulty maintaining postural control while leaning in FW, FWRT, BWLT, LT and FWLT directions. These results suggest that impairments in postural control arise on the left side of the body and extend to the front and right sides of the body as the disease progresses. The exact reason for early direction-specific impairments in postural stability is unknown. It is possible that lateralization of motor or sensory abnormalities occur as a result of contralateral brain dominancy in HD. This tentative supposition is supported by previous studies, which found that neuropathology may originate in the dominant left hemisphere and thus affect the right side of the body 18, 19 . In our study, most of the participants in all groups were right handed, suggesting that postural abnormalities did not follow the same brain dominancy pattern. Although handedness is associated with contralateral brain dominancy, it is not yet known if this holds true for postural stability. Additional studies are required to investigate whether hemispheric changes in the brain are responsible for the observed direction-specific impairments.
Similar to previous findings 4, 8, 12 , we also found that individuals with manifest HD have significant impairments in postural control and a greater number of falls compared to healthy and premanifest HD individuals when sensory information is systematically manipulated. Impairments in postural control were particularly pronounced on conditions 5 and 6 of the SOT. During these conditions, individuals are provided with degraded somatosensory and visual information and must rely on vestibular information to maintain postural control. An analysis of sensory ratio scores revealed that individuals with manifest HD have greatest difficulty maintaining postural control when reliant only on vestibular information, indicating the presence of vestibular pathology. However, none of the assessed manifest HD individuals reported vestibular impairments and recent evidence shows that the vestibular system is preserved in individuals with mild to advanced HD 20 . It is therefore unlikely that vestibular pathology solely underpins impairments on the SOT in individuals with manifest HD. Contrary to previous findings 4 , individuals with premanifest HD, even those close to onset, did not display impairments in postural control on any condition of the SOT. The larger sample of individuals with HD within the present study likely accounts for these discrepancies in findings. An analysis of test-retest reliability revealed that the SOT measure had low to moderate reliability and differed depending on the condition and group. Manifest and premanifest HD participants had a more reliable performance in comparison with healthy controls. Studies examining the reliability of dynamic posturography in individuals with neurodegenerative disease is scarce, however studies using the SOT in healthy individuals have reported a wide range of ICC intervals, which is consistent with the values obtained by healthy controls in this study, and suggests a learning effect that it is more evident in healthy controls than in premanifest and manifest HD 21, 22 .
Significant but low associations were observed between impairments in postural control and clinical measures of disease severity (UHDRS-TMS and DCL) and burden (DBS, CAP score and CAG repeat length). These findings suggest that genetic burden alone is not the sole factor underpinning postural control impairments in HD. Previous findings by our group found strong associations between postural stability outcomes and measures of cognitive function 23 . Similar findings have also been found in individuals with Parkinson's disease 24 . This finding has important clinical implications. In particular, it suggests that cognitive enhancement therapies should be incorporated into rehabilitation interventions aimed at improving postural stability in individuals with HD. Additional longitudinal studies are needed to evaluate potential associations between postural stability and cognition in individuals with HD over time.
To date no studies have investigated the neural basis of static and dynamic postural control impairments in individuals with HD. However, degeneration within the striatum and brain stem of individuals with HD is believed to underpin postural control impairments 25 . The striatum and brain stem, along with other basal ganglia and cortical structures are crucially involved in sensorimotor integration, which is essential for maintaining normal postural control [26] [27] [28] [29] [30] . Studies in individuals with lesions in basal ganglia structures, such as Parkinson's disease, have reported significantly poorer postural control 31, 32 . Poorer postural control has also been reported in individuals with brain stem atrophy, such as patients with spinocerebellar ataxias and traumatic brain injuries [33] [34] [35] [36] . Future studies are required to explore the neural basis of postural control impairments in individuals with HD.
This study is not without limitations. First this was a cross-sectional study, which does not provide information on changes in postural stability over time. Second, reliability analyses were only performed for the SOT. Future studies should continue investigating the reliability of the SOT and LOS test in HD, as an improved knowledge of the test-retest reliability of dynamic postural stability tests will improve their applicability for disease modifying drug trials. Third, individuals within the study continued their normal medication regimens, which may have improved or reduced performance on postural stability outcomes. Indeed, one patient was taking Tetrabenazine during testing procedures, which has been shown to improve performance on SOT outcomes previously 37 . Future studies should take into account medication as a variable affecting postural stability in HD.
Our findings show that impairments in static and dynamic postural control are common in individuals with premanifest and manifest HD and worsen with advancing disease. In addition, our findings show, for the first time, that impairments in postural stability commence on the left side of the body in individuals with premanifest HD. Although there is still a need to determine the sensitivity of these measures to postural changes over time; these findings provide compelling support for utilizing computerized dynamic posturography outcomes as a marker suitable for tracking the progression of HD, and potentially to determine the efficacy of upcoming disease modifying drug trials.
Data Availability
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